This paper presents an experimental study of the optimization of blade skew in low pressure axial fan. Using back propagation (BP) neural network and genetic algorithm (GA), the optimization was performed for a radial blade. An optimized blade is obtained through blade forward skew. Measurement of the two blades was carried out in aerodynamic and aeroacoustic performance. Compared to the radial blade, the optimized blade demonstrated improvements in efficiency, total pressure ratio, stable operating range, and aerodynamic noise. Detailed flow measurement was performed in outlet flow field for investigating the responsible flow mechanisms. The optimized blade can cause a spanwise redistribution of flow toward the blade midspan and reduce tip loading. This results in reduced significantly total pressure loss near hub and shroud endwall region, despite the slight increase of total pressure loss at midspan. In addition, the measured spectrums show that the broadband noise of the impeller is dominant.
INTRODUCTION
Skewed and swept blade technique was originated from the research achievements of aircraft airfoil. Since this technique was introduced to turbomachinery field, it has played a very important role in the performance improvement of turbomachinery. So far, many research results have proved that the skewed and/or swept technique would promote aerodynamic efficiency, reduce throughflow losses, enhance stable range, as well as decrease the aerodynamic noise of turbomachinery.
Beiler and Carolus [1] studied the aerodynamic performance of both forward-and backward-swept impellers of the low-speed axial fans. The results showed that the forward-swept blades could improve the aerodynamic performance and have the potential of widespread application. However, there was poor performance in aerodynamics of the backward-swept blades. Cai et al. [2] presented an experimental investigation and numerical simulation of the performance of an axial-flow fan with skewed rotating blades. The results showed that the performance of the forward-skewed blade increased at a higher pressure rise of 13.1% and gave a larger flow rate of about 5%, as well as a higher efficiency of more than 3% and a lower noise of 2 to 4 dBA. Outa [3] studied rotating stall performance of a single stage subsonic axial compressor and found that forward-swept blade would increase throttle margin with decreased tip loss. Corsini and Rispoli [4] proved that the forward-swept blade of a subsonic axial fan operates more efficiently in particular at low flow rates, with a delayed onset of stall.
With the development of computer technology and optimization algorithms, optimum design of turbomachinery with swept and skewed blade to be concerned has become practicable.
One notable attempt to study the optimization of blade in transonic axial compressor was achieved by Yi et al. [5, 6] . The optimal impeller with backward-swept and skewed blades is designed based on simulated annealing (SA) methods. Experimental results showed that the adiabatic efficiency of the optimal impeller is increased by 0.82%, while the flow rate and total pressure ratio were kept constant. Besides, further efficiency promotion of 1.05% was also achieved by using Gradient Method (GM), with the optimum parameters of swept angle and blade camber curves. Jang et al. [7, 8] designed a backward-swept impeller in transonic axial compressor by using response surface method (RSM). The adiabatic efficiency of optimum impeller was increased by 1.25%. The separation line, which was defined as interference between shock and boundary layer of blade suction surface, was moved to further downstream of the optimal impeller.
With concern to the optimization of skewed and swept blades in low-pressure axial fan, Yu and Yuan [9] introduced an optimization procedure of a multistage axial compressor with inlet guide vane (IGV) and outlet guide vane (OGV) by using design of experiment (DOE) and sequential quadratic programming (SQP). Main optimization parameter is the swept and skewed blade stacking line. The efficiency of the optimized impeller was increased by 1.26%, the mass flow rate was increased by 1.56%, total pressure ratio was increased by 1.77%, as well as the surge margin that was extended by 9.38%. Lotfi et al. [10, 11] also showed the optimization of blade camber line of low-speed axial fan by using GA method would achieve higher efficiency than the original design. In our former work [12] , aerodynamic and aeroacoustic performances of radial, forward-skewed, and backward-skewed blades of low pressure axial fan have been studied contrastively. Both skewed angle of forward and backward impeller is set as 8.3 deg. It is shown that the forward-skewed impeller has a noise reduction of 4.3 dBA and the stable operating range extended by 5.69%, compared to the radial impeller. However, the aerodynamic efficiency and total pressure rise is decreased by 3.53% and 5.63%, respectively.
In present study, optimization design of skewed angle is carried out based on former impeller parameters described in [12] . An optimization algorithm based on GA and BP neural network is adopted in present work, as well as threedimensional (3D) Reynolds-averaged Navier-Stokes (RANS) computational fluid dynamics (CFD) simulation to determine the aerodynamic performance during the optimization procedure. The performance promotion of optimized impeller is confirmed by experiment, and the flow mechanism is also explained by detailed flow field measurements.
SKEWED BLADE AND STUDY MODEL

Skewed blade
So far, there is not a unified definition of skewed blade in turbomachinery field. In this paper, circumferential-skewed blade is defined as follows. Figure 1 illustrates the stacking line ABC of blade which is observed from the axial direction of the impeller. The stacking line is composed of straight line segment and arc segment. The straight line segment is AB and the arc segment is BC. Point "A" is located on the hub and point "C" is located at the blade tip. Point "B" is the intersection of the arc and the straight-line of the stacking line. Point "O" is located on the axis of the impeller. As shown in the figure, the angle δ sk between line OB and line OC is called circumferential skewed angle of the blade. If the angle δ sk is more than 0
• , it shows that the skewed direction of the blade is along rotation direction of the impeller and vice versa. They are called the circumferential forward-skewed blade and the circumferential backward-skewed blade, respectively.
Study model
In this case, the optimization of blade skew is based on a blade of a kind of low-pressure axial flow fan. Table 1 summarizes the key design parameters. As shown in Table 1 , 
OPTIMIZATION DESIGN
Optimization design system consists of a parameterized blade geometry description, 3D RANS flow solver, and an optimization procedure, as shown in Figure 2 . The parameterized blade geometry is generated by the geometry program (GEOM). The commercial European aerodynamic numerical simulator (EURANUS) [13] is selected as 3D RANS flow solver. The optimization tool includes GA and artificial neural network (ANN) with BP training. At first, the blade geometry is defined by a few number of design parameters in GEOM. A database with multiple samples is created and the CFD results of each sample are stored in the database with 3D RANS flow solver. With the widely adopted BP learning algorithm and the trained ANN, an optimization model constructing the relationship between the input variables (blade geometry variables) and output variables (i.e., efficiency, total pressure ratio) is setup. At last, the final results of the optimization parameters are achieved based on GA and 3D RANS flow solver.
Parameterization of blade geometry
The parametric blade representation includes the parametric blade sections, at different spanwise locations, the location Li Yang et al. ential direction, the stacking line is controlled by a composite curve, including a third-order Bezier curve, a straight-line and a third-order Bezier curve ( Figure 5 ). As shown in Figure 5 , α 1 is the angle of the first Bezier curve at span = 0. Parameter C 1 is the spanwise extent of the first Bezier curve. Parameter P 1 is the fractional factor defining the second control point location of the first Bezier curve. α 2 is the angle of the linear segment, and α 3 is the angle of the second Bezier curve at span = 1. Parameter C 2 is the spanwise extent of the second Bezier curve. Parameter P 2 is the fractional factor defining the second control point location of the second Bezier curve. 
Numerical method
The three-dimensional, incompressible, viscous flow is computed with the EURANUS. In this optimization, the simulator solves the Reynolds-averaged form of Navier-Stokes equations.
The turbulence is modeled by Spalart-Allmaras (S-A) [14] one-equation turbulence model for this application. The spatial discretization is based on a finite-volume approach allowing a fully conservative discretization based on a central formulation. A time discretization is applied through a fourth order Runge-Kutta procedure. An efficient combination of multigrid and implicit residual averaging is used for convergence acceleration to steady state, which is helpful to shorten time of optimization design.
A structured mesh, generated by using the interactive grid generator (IGG) [15] , is required in the optimization computation of the archetypal blade. The computation mesh consists of three blocks. One block is in the passage and the others are at the tip clearance ( Figure 6 ). Generally, a small alteration of blade geometry shape can have more negative impact on I-mesh quality than on H-mesh quality. This may result in the increase of "bad" samples in the database with I-mesh. Therefore, the H-mesh is only used in the flow passage, in present optimization. In the flow passage, the mesh contains 129 points in the streamwise direction, 73 points in the spanwise direction, and 65 points in the azimuthal direction. The mesh in the tip clearance is embedded into the H&O-mesh. A tip clearance block with O-mesh contains 13 points in the spanwise direction, 13 points in the azimuthaldirection, and 161 points wrapping around the tip of the blade. The other tip clearance block with H-mesh contains 13 points in the spanwise direction, 17 points in the azimuthal direction, and 65 points in the streamwise direction.
The boundary conditions are defined as follows. The inlet flow condition is specified from measured total pressure, total temperature, and flow angle from axial direction. The outlet flow condition is specified from mass flow rate and static pressure. In the S-A turbulence model, turbulence viscosity at inlet is given. The boundary conditions specified at the hub and the blades are rotating walls in the fixed reference frame. The shroud is a stationary wall in the fixed reference frame. The periodic boundary condition is imposed for the upstream and downstream of the blade, and inside the tip clearance.
In the computation, the convergence criteria are as follows.
(1) The mass flow balance error should be lower than 5 × 10 −5 . (2) The variations of the global quantities (efficiency, pressure ratio, etc.) should remain lower than 5 × 10 −3 . (3) The maximum of all normalized residues is less than 1 × 10 −4 .
Optimization algorithm
This optimization tool is an algorithm based on BP neural network and GA. GA, based on the evolution theories of Darwin and the genetics of Mendel, is a global optimization algorithm. A population of individuals changes over a number of generations using the mechanisms of selection, crossover, and mutation, whereby the best individual is always transferred unchanged to the next generation. ANN, based on the process of imitating brain to solve problem, is an intelligent information processing technology. By some network topology, many basic processing elements (neuron models) are connected to be a neural network. Using ANN, some information processing functions are carried out. The processing functions are similar to the brain to learn, recognize, and remember and so forth. The algorithm has highly efficient global optimization ability of GA and strong local searching and learning of ANN. The optimization design systems with only GA or ANN have been examined, however none are found to be better than the algorithm in optimization time and accuracy of predicted results.
Objective function
The two of parameters controlling the blade stacking line in circumferential direction are chosen to be design variables in this optimization. The two design variables are angle α 2 and α 3 ( Figure 5 ) and the other parameters are invariable during this optimization. This means that straigh-line "AB" is Li Yang et al. invariable and the shape of arc "BC" may be altered in this optimization. Point "B" is located at λ = 0.4 ( Figure 1 ). An initial database with 20 samples is created. In each sample, the two design variables are chosen randomly between the given lower and upper bounds. According to experience and experimental results obtained from former designs, the variation ranges of the two design variables are from −30
• to 30
• . Thus, 20 blades with different circumferential-skewed angles are obtained. The computational mesh of each sample is generated and the internal flow field is simulated.
In this optimization, the objective function is to maximize efficiency and total pressure rise (equation (1)). At the same time, constraints are imposed on the mass flow rate (equation (2)),
Imposed value of total pressure P imp is usually more than true value. The two pressures P ref and P imp are set to equality. The weight factors m 1 and m 2 show the influences of efficiency and total pressure rise in the objective function, respectively. Both the weight factors are set to 1.0. Exponent factor k is set to 2.0. Constraint factor M is set to 0.5%. Figure 7 presents the evolution curve of the objective function in this optimization. Curve "PV" is prediction values by BP neural network and GA. Curve "CFD" is a computation result of the samples by 3D N-S flow solver. As shown in the figure, with the increase of the iteration numbers, the value of the objective function is less and less. Near the 30th step, the value of the objective function shows little variation. It indicates that the result converges and the optimal result is finally achieved.
Optimization result
The optimization result shows that the circumferentialskewed angle of the optimized blade is 6.1 deg. Figure 8 presents the 3D models of the archetypal blade and the optimized blade. As shown in Figure 8 , the optimized blade is a typical circumferential forward-skewed blade.
EXPERIMENTAL SETUP
In order to evaluate the performance, both aerodynamic and aeroacoustic experiments have been carried out in the anechoic chamber of the turbomachinery laboratory of Shanghai Jiaotong University. The aerodynamic performance test follows GB/T 1236-2000 standard [16] and the aeroacoustic performance test follows GB/T 2888-91 standard [17] . The designed fan test rig consists of test impeller, driving unit, experimental appliances, and duct system ( Figure 9 ).
The test impellers include the archetypal impeller and the optimized impeller. The impeller is connected directly to an electromotor YSF-8014. Using a frequency converter Sanken MF-7.5K-380, the rotary speed of the motor is controlled. The rotary speed is obtained by a noncontact photoelectric digital tachometer SZG-441C. As shown in Figure 9 , the performance parameters of the test impellers are obtained with the experimental appliances, including the manometer for static pressure, the pitot probe for total pressure, the sound level meter for overall sound pressure level, and so on. Using the throttle cone, which has a diameter of 600 mm, the flow rate of the fan is changed. In addition, the cone can prevent environment noise from entering the anechoic chamber by the duct system. Hence, it is also very helpful to reduce the error of aeroacoustic measurement.
Measurement of outlet flow field is performed with fivehole probe. The measured points are located on the plane AB (Figure 9) , which is at 15 mm behind the outlet of the impeller. On the plane, the aerodynamic parameters of 21 points along radial direction of the blade are measured. More detailed descriptions of the experimental design and measurement methods are given in [12] . Figure 10 shows the aerodynamic performance comparison between archetypal impeller and the optimized impeller with forward-skewed blades. Key dimensionless aerodynamic parameters are defined as follows:
RESULTS AND DISCUSSION
Aerodynamic performance
Both the total pressure rise and efficiency of optimized impeller are higher than archetypal impeller at almost all flow rate range, except ϕ = 0.20 ∼ 0.22. At the design flow rate condition ϕ = 0.245, the total pressure efficiency of the optimized impeller is increased by 1.27% and its total pressure rise is increased by 3.56%, as compared to the archetypal impeller. Detailed results are shown in Table 2 . As described in Section 1, the efficiency and total pressure rise of forwardskewed impeller with skewed angle of 8.3 deg is decreased of 3.53% and 5.63%, compared to the archetype radial impeller. This obvious difference proves that the optimization design method is effective in skewed blade design. At off-design low flow rate conditions, as shown in Figure 10(a) , the minimum stable volume flow coefficient of the optimized impeller is significantly extended from 0.2 to 0.18, which stands for a wider stable operation range for present axial fan. Figure 11 shows the overall sound pressure level (SPL) and the average A-weight sound pressure level of the two impellers at various flow rates. The average A-weight sound pressure level is defined as overall A-weight sound pressure level of unit flow rate and unit total pressure, which is more effective to evaluate fan noise with different flow rate and total pressure rise. The definition of average A-weight sound pressure level is
Aeroacoustic performance
As shown in Figure 11 , the SPL will increase at low flow rate range, and decrease at stable operation flow range. The minimum SPL of stable flow range is located at design flow rate condition ϕ = 0.245, where the overall sound pressure level L A and the average A-weight sound pressure level L SA of the optimized impeller are decreased by 6.5 dBA compared to archetypal impeller. Figure 12 shows the one third octave spectrum of the two impellers at the design condition. As shown in Figure 12 , noise frequency domain of the two impellers is from 100 Hz to 10 000 Hz. It indicates that the broadband noise is dominant in the measured spectrums. In the whole frequency domain, the SPL of the optimized impeller is lower compared to the archetypal impeller. In the frequency domain of [300 Hz, 4000 Hz], the difference between the two impellers in the SPL is more obvious than in the other domain. It indicates that the frequency domain between 300 Hz and 4000 Hz is the chief part of noise reduction in the optimized impeller.
Detailed flow field
In order to measure the detailed flow field and figure out the difference between archetypal and optimized impeller, fivehole aerodynamic probe is adopted in present study to carry out outlet flow field measurement of these two impellers. Figure 13 illustrates the spanwise distribution of circumferentially averaged total pressure loss coefficient at the outlet of the two impellers at the design condition. The total pressure loss coefficient is defined as
As shown in Figure 13 , the spanwise distribution of total pressure loss coefficient reveals that most of the aerodynamic losses are converged to the near wall regions, namely, blade tip (λ > 0.7) and hub (λ < 0.1). The losses of the main flow region (0.1 < λ < 0.7) are relatively lower. Furthermore, the C pt of the optimized impeller is obviously decreased at both blade tip and hub region, as well as increased at midspan. According to the radial-equilibrium equation, since line "BC" of the stacking line is skewed obviously along rotation direction of the impeller (Figure 1 ), the radial component of the body force, which is in reverse radial direction, is increased obviously. As a result, low-energy fluid accumulation near the shroud endwall moves to the mid-span region and the loss near the shroud endwall is deceased. In the lower mid-span region, the stacking line shape is unchanged and the centrifugal force is still predominant. Hence, low energy fluid accumulation near the hub endwall still moves to the mid-span region. The experimental results show that in the optimized impeller, the decrease of the blade tip loss is 2.2 times more than the increase of the loss in the midspan region. It indicates that the circumferential skew of the blade may have beneficial impact on the spanwise redistribution of the total pressure loss. The blade with the appropriate circumferential-skewed angle can reduce the loss in the flow field and increase aerodynamic efficiency of the fan. Figure 14 presents the spanwise distribution of circumferentially averaged total pressure rise at the outlet of the two impellers at the design condition. The maximum of total pressure rise at the outlet of the archetypal impeller is in the upper mid-span region, which is 0.8 < λ < 0.9. The maximum of total pressure rise at the outlet of the optimized impeller is near the mid-span region, which is 0.5 < λ < 0.7. According to the radial-equilibrium equation, spanwise pressure distribution is determined by the centrifugal force in the archetypal impeller, which results in the increase of blade loading of the upper mid-span. However, the radial component of the body force generated by skewed blade is opposite to the centrifugal force. As a result, the impact of the centrifugal force is weakened in the upper mid-span region. In the lower mid-span region, the main forces (i.e., centrifugal force) are unchanged. It results in the increase of the blade loading of the mid-span in the optimized impeller. The experimental results indicate that, in the optimized impeller, the increase of the total pressure rise in the region of 0.2 < λ < 0.8, is 1.4 times higher than the decrease of the blade tip total pressure rise. Figures 15 and 16 show the spanwise distribution of circumferentially averaged axial velocity and the computed distribution of axial velocity at the outlet of the two impellers at the design condition, respectively. As shown in Figure 15 , the distribution of axial velocity is similar to the distribution of total pressure rise in the two impellers. The maximum of flow rate at the outlet of the archetypal impeller is in the upper mid-span region, which is 0.7 < λ < 0.8. The maximum of flow rate at the outlet of the optimized impeller is near the mid-span region, which is 0.5 < λ < 0.7. It shows that the circumferential skew of the blade has great impact on the spanwise redistribution of flow rate. In addition, there is obviously improved flow in the corner zone between suction surface of blade and shroud in the optimized impeller ( Figure 16 ). It has a beneficial impact on the delay of onset of stall and the extension of stable operating range.
CONCLUSIONS
(1) The aerodynamic optimization design of forward-skewed blade of low-pressure axial flow fan has been achieved by BP neural network and GA optimization method. Both aerodynamic and aeroacoustic performances of optimized impeller with forward-skewed angle of 6.1 deg have been improved with comparison to the archetype radial impeller. The total pressure efficiency is increased by 1.27%, total pressure rise is increased by 3.56%. The stable operating range of the optimized impeller is greatly extended to more than 30%, as well as aerodynamic noise reduced by more than 6 dB(A) at design operating condition. In addition, detailed spectrums indicate that the broadband noise of the impeller is dominant. The optimization design procedure has been proved to be effective to further skewed and swept impeller design.
(2) Detailed flow field results indicate that the impeller with forward-skewed blades would cause a spanwise redistribution of flow rate and pressure toward the blade midspan, as well as reduce tip loading. The aerodynamic losses of optimized impeller are decreased significantly near blade Li Yang et al. shroud and hub endwall region with only few penalty of mid-span. The overall pressure losses are obviously lower than the archetype radial impeller, which results in higher efficiency and lower noise.
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